We have observed that purified polyoma virus is able to take up an amount of calf thymus histone equivalent to IO to 50 % of its normal histone content under conditions allowing the binding of considerably lesser amounts of several other proteins. Some of the bound histone could not be released by procedures routinely used for virus purification. We have also found that some of the histone present in purified polyoma virus could be selectively released without major breakdown of virus particles. Possible models for virus structure are discussed in the light of the present and other recent data.
INTRODUCTION
Among the six or more polypeptides readily detectable in purified preparations of polyoma virus, some are virus-coded, while others appear to represent host-cell histone (Frearson & Crawford, 1972; Fey & Hirt, I974) . Since the latter, more basic, polypeptides appear to be present almost exclusively in virus particles containing DNA ('full' particles), it has been suggested that they could be associated with the nucleic acid in a virion 'core' (Frearson & Crawford, 1972; Sambrook, 1972; Fey & Hirt, 1974) , with properties similar to mammalian chromatin (Louie, I974; Germond et al. 1975) . The three remaining polypeptides would then constitute the virus capsid (Friedmann & David, 1972) . Several observations, however, indicate that this proposed arrangement of the virion polypeptides is over-simplified, or alternatively that the capsid of this virus has unusual properties.
Firstly, histone is labelled effectively after iodination of purified whole polyoma virus using lactoperoxidase (Gibson, 1974; Frost, 1975) , a procedure which has been found to label the surface, but not the 'core' polypeptides of enveloped (Stanley & Haslam, I97t; Sarov & Joklik, i972) and non-enveloped (Talbot et al. I973) viruses. Secondly, antibodies directed against SDS gel purified virus histones neutralize virus infectivity, virus haemagglutinating activity and react with whole virions in immunodiffusion assay (McMillen & Consigli, I977) . Thirdly, purified polyoma virus can be shown to specifically lose histone during penetration of susceptible cells, while retaining essentially unchanged physical properties (Frost & Bourgaux, 1975 b) . Ultimately, this process results in the formation of a sub-viral particle sedimenting more slowly than whole virions. This particle contains DNA and all virus polypeptides, but markedly reduced amounts of histone (Frost & Bourgaux, I975b; Frost et al. I975) . Finally, two additional polyoma sub-viral particles or DNAprotein complexes characterized by reduced amounts of histone have been reported. One was isolated from productively infected cells and contained progeny DNA (Qureshi & Bourgaux, 1976) , and the other was produced in vitro by treating polyoma virus with low amounts of SDS (Walter & Deppert, 1974; Etchison & Walter, 1977) .
In this report, we describe two additional observations suggesting that a significant proportion of the histone of purified polyoma virus is either located on the surface of the virion or can readily enter or leave the capsid. First, purified virus readily takes up exogenous histone and second, detergent treatment preferentially releases some of the histone present in purified virus.
METHODS
Virus purification. The small-plaque variant of polyoma virus was grown in secondary mouse embryo cultures, and extracted from the cell debris using receptor-destroying enzyme. It was purified by a procedure involving extractions with freon, treatment with ribonuclease, deoxyribonuclease and trypsin, followed by banding in a CsCI solution. This procedure has been described in detail elsewhere (Thorne & Wardle, I973; Frost & Bourgaux, I975a) . It was essential to treat the virus with trypsin to obtain virus of electrophoretic homogeneity (Thorne et al. I965) . The trypsin treatment did not degrade the virus polypeptides (Frost & Bourgaux, I975a) or adversely affect the sedimentation coefficient, buoyant density or infectivity of the virus (Thorne & Wardle, 1973; Frost, I977; E. Frost & P. Bourgaux, unpublished observations) , but did selectively remove non-infectious particles (Thorne et al. 1965) .
Labelling. Purified virus was labelled with radioactive iodine using chloramine T, following a procedure which has been shown not to alter its biological or physical properties (Frost & Bourgaux, I975b; Frost, 1977) . Upon completion of the chemical reaction, the virus was re-purified from both carrier protein (BSA) and unreacted iodine by velocity sedimentation through a neutral sucrose gradient (Frost & Bourgaux, I975b) . A modification of this iodination technique was used to label commercial preparations of calf thymus histone (type IIA, Sigma), myoglobin, ovalbumin, bovine serum albumin fraction V (BSA), /~-galactosidase, lysozyme and cytochrome e. In this procedure, IOO #g of protein were added to a solution, buffered to pH 6"9, containing 2oo to 5oo #Ci of carrier-free a25I (ICN). Iodination was initiated with 4/*g of chloramine T and terminated 3o to 45 s later by adding 12"5 #g of potassium meta-bisulphite. After unreacted iodine had been dialysed out, the proteins were stored at -2o °C and used within I week. The specific activity of 125I-labelled polypeptides was I to 2 x io 6 ct/min[/~g. For histone this is approx, one iodine atom per five polypeptide molecules.
Histone isolation. Calf thymus histone (Sigma, type IIA) was used routinely in this work as it has tryptic fingerprints (Fey & Hirt, I974) and electrophoretic mobility (Panyim et al. 1971 ; E. Frost, unpublished observations) closely resembling or identical to those of mouse and Py histone. In addition, we isolated mouse histone from secondary mouse embryo cells which were labelled for 48 h with I #Ci/ml each of 3H-arginine and ~H-lysine. Histone was extracted from chromatin with H~SO4 as described by Bonner et al. (I968) , except that sodium bisulphite (o'o5 M) was present throughout to prevent degradation (Panyim & Chalkley, 1969) . The specific activity of the preparation was 3 × lO5 ct/min/mg precipitate.
Test for adsorption of protein to virus. About 0"5/zg of labelled protein of known specific activity (usually I × lO 6 ct/min//zg) was mixed with approx. I/zg of either 'full' or a mixture of 'full' and 'empty' unlabelled virus particles in phosphate-buffered saline (PBS). After IO min of incubation at room temperature, the reaction mixture was layered over a 5 to 2o % sucrose gradient (in o.I M-NaC1, o.ooi M-EDTA, o.oi i-tris-HC1, pH 7"4) which was On: Wed, 12 Dec 2018 11:59:40
Histones and polyoma virus lO5 centrifuged for 48 min at 35000 rev/min in the SB4o5 rotor of an International B6o ultracentrifuge. The fractions comprising the radioactive material that sedimented as expected for either 'full' or'empty' polyoma virus particles were pooled. Samples from the pools were taken to determine radioactivity (always over 1ooo ct]min) and haemagglutinating activity, from which we calculated, respectively, the amount of added protein bound and the amount of virus protein present (Crawford, I969) . The determination of haemagglutinating activity, although not as accurate as that of total protein, is a specific and very sensitive measurement of the amount of virus protein.
Tween 80 treatment of virus. Iodine-labelled virus (o.I to 0"5/zg of protein), was agitated on a Vortex Jr mixer for 15 s in a neutral solution containing I M-NaC1 and I ~o Tween 80. The sample was then fractionated by velocity sedimentation through a neutral sucrose gradient as described above. This treatment did not noticeably alter the sedimentation properties of 3H-thymidine-labelled virus (E. Frost, unpublished results) .
Polyacrylamide gel electrophoresis (PAGE). Polypeptides were denatured and electrophoresed through IO% polyacrylamide-SDS gels as previously described (Frost & Bourgaux, i975a) . Remazol-labelled (Griffith, I972) ovalbumin and myoglobin were used as markers.
Centrifugation. Virus was centrifuged through 5 to 2o ~o neutral sucrose gradients containing o-I M or I M-NaC1 (Frost & Bourgaux, I975b) . Equilibrium centrifugation in CsC1 solutions was performed as previously described (Frost & Bourgaux, 1975 a, b) . Recovery of 3H-labelled virus was 95 % from the sucrose and 60 % from the CsCI gradients.
RESULTS

Binding of histone to polyoma virus
A mixture of proteins comprising myoglobin, ovalbumin, BSA and histone was labelled with 1251 and immediately added to purified, non-radioactive virus (see Methods and Fig. 0 . After a brief incubation, virus particles were separated from unbound protein by velocity sedimentation (Fig. I a) . While most of the labelled material was found to sediment as free protein, a sharp radioactive peak was nevertheless observed at the position where virus was expected. Analysis by PAGE revealed that histone (exclusive of HI) was the only labelled protein present in this band (Fig. I c) . When protein, without added virus, was centrifuged, no rapidly sedimenting peak was observed. In subsequent experiments, several proteins, namely histone, lysozyme, cytochrome c (all three of which have similar iso-electric points; Young, I963), ovalbumin, BSA, fl-galactosidase and myoglobin were separately labelled with 1251, and tested for binding to virus in a similar manner. Thus, polyoma virus was found to bind 20 times more histone than any of the other proteins. Purified mouse histone, labelled in vivo with 3H-labelled amino acids, also bound to full and empty polyoma virus particles.
We measured the amount of histone that could be bound to either 'full' or 'empty' polyoma virus particles. Interestingly, ' empty' particles bound one third of the amount of histone that could be bound to 'full' particles (see Table I ).
Finally, we observed that labelled histone failed to bind to virus when crude rather than purified virus preparations were used. This is not surprising as these crude preparations, being mere extracts from packed cell debris (see Methods), had probably already bound histone during or immediately following assembly. --E i6 --F 25 --* Calf thymus histone was labelled with 125I to a specific activity of Io 6 ct/min//zg. Next, 0"5/~g of this labelled protein was mixed with about I/zg of either ' full' or a mixture of' full' and ' empty' polyoma virus. Virus particles were then separated from free protein by velocity centrifugation through a sucrose gradient (see Fig. I ). The fractions comprising the radioactive material which sedimented as expected for the appropriate polyoma particles were pooled. Samples were used to determine the amounts of histone from measured radioactivity (always over IOOO ct/min) and virus protein from haemagglutinating activity. Release of bound histone from virus. Non-radioactive virus to which 125I-labelled histone had been bound in vitro and 3H-thymidine-labelled virus, used as a marker, were agitated on a Vortex Jr mixer in a solution containing either x M-NaCI (a) or I M-NaC1 plus 1% Tween 8o (b). Immediately after agitation, the samples were centrifuged through neutral sucrose gradients containing I M-NaCI. Two other samples were incubated at 37 °C either successively with ribonuclease, deoxyribonuclease and trypsin (d) or without enzyme (c). Each of these samples was centrifuged to equilibrium in a CsC1 solution. In all panels, the position of marker 3H-labelled virus is indicated by an arrow. Sedimentation is from right to left. 
IP
Removal of bound histone
The histone bound in vitro could not be completely removed by the various procedures often used to purify virus. For instance, agitation in I M-NaC1 followed by sedimentation through a sucrose solution, also containing I M-NaCI, removed little, if any, of the bound histone (Fig. 2) . Even the addition of Tween 80 to the I M-NaC1 solution only allowed 40 ~o of it to be removed. Using our standard purification method involving the use of ribonuclease, deoxyribonuclease and trypsin followed by banding in CsC1 solution, as much as 2o ~o of the histone artificially bound was still recovered with the virus at the end of the procedure. Banding in CsC1 solution was the most effective step of the whole procedure, eliminating 75 % of bound histone (Fig. 2) .
Removal of histone from purified virus
A preparation of virus, labelled with 1251 after purification and free from unreacted iodine or adventitious protein (Fig. 3 a) , was treated with the detergent Tween 80. About 5 °/o of the Io9 labelled protein was thus solubilized without apparent virus breakdown. Most of the released protein migrated as histone during gel electrophoresis (Fig. 3 e) . We calculated that the amount of released histone accounted for IO % of that originally present in the purified virus preparation. It should be recalled that the percentage of radioactivity migrating like histone is higher in iodinated than in otherwise labelled virus (Gibson, I974; Frost & Bourgaux, ~975b) . Other detergents, like Triton X-Ioo and Na deoxycholate caused some virus breakdown in addition to release of histone (see for instance Fig. 3 c, f) .
DISCUSSION
In this report, we demonstrate that commercial calf thymus histone and also mouse histone purified from tissue culture cells effectively bind to purified polyoma virus. Such binding is unlikely to be the result of a non-specific virus-protein interaction, as a number of other proteins failed to form a stable association with this virus under the same conditions. It is also unlikely that this interaction mostly involves damaged virus particles, since treatments known to destroy such particles (Thorne et aL I965) left histone bound to material sedimenting as intact virions, although empty particles did bind histones, about one-third of the amount bound by full particles. Incidentally, these treatments would also have degraded multimeric histone complexes (Thomas & Kornberg, I975) .
The amount of histone that was bound to polyoma virus in vitro is by no means insignificant, since it represents, according to our calculations, between Io and 50 % (see Table i ) of the reported histone complement of this virus (Roblin et al. I97I ; Gibson, I974) . From this bound histone, 40 % can be solubilized by detergent treatment. This treatment will also release histone which has become associated in vivo with the virion, preferentially to the other structural polypeptides, and up to an amount representing I o % of the virion complement of histone.
In view of these findings, it would be hardly surprising that partially or even fully assembled polyoma virus would take up histone in vivo. Indeed, one should keep in mind that this protein which is being actively synthesized during virus infection accumulates in the cell nucleus, where virus maturation takes place (Crawford, I973) . Such binding occurring in vivo could possibly explain why we registered no interaction between the virus present in crude extracts from infected cells and added histone.
Thus, the data presented in this paper add to the already long list of observations indicating that at least a fraction of the histone present in the polyoma virion might well enter and leave the virion structure with relative ease. However, it is very difficult to decide where this histone would be located with respect to the virion capsid. McMillen & Consigli (1977) have observed that monovalent Fab directed against SDS-denatured virion histone, but not that directed against other SDS-denatured virion polypeptides, effectively reacts with polyoma virus and neutralizes its infectivity. This finding, which indicates that some of the histone of the virion assumes a conformation distinct from that of the other structural polypeptides, is also regarded by their authors as suggesting an external location of that particular histone with respect to the virion structure. Such a hypothesis had already been considered by us on the basis of data on the uncoating of polyoma virus in susceptible cells (Frost & Bourgaux, I975b) . However, other locations are conceivable for this protein. In order to explain lactoperoxidase iodination of virion histone, and also virus neutralization by Fab directed against histone, it has been suggested that rather large molecules could gain access to the virion core, either as a result of extensive conformational changes of the virion (Gibson, I974), or through the 2 nm central hole (Wildy et al. I96O) 
